Using LDA+U , we investigate Li-doped rutile SnO 2 (001) surface. The surface defect formation energy shows that it is easier for Li to be doped at surface Sn site than bulk Sn site in SnO 2 . Li at surface and sub-surface Sn sites has a magnetic ground state, and the induced magnetic moments are not localized at Li site, but spread over Sn and O sites. The surface electronic structures show that Li at surface Sn site shows 100% spin-polarization (half metallic), whereas Li at sub-surface Sn site does not have half metallic state due to Li-Sn hybridized orbitals. The spin-polarized surface has a ferromagnetic ground state, therefore, ferromagnetism is expected in Li-doped SnO 2 (001) surface.
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In the past, decade density functional theory (DFT) has proven to be a predictive tool to discover new materials for certain applications, specially in the area of magnetism. With DFT, many new materials have been discovered and then synthesised.
1-5 DFT has also predicted spin polarized materials [6] [7] [8] . One of the new materials is oxide-based diluted magnetic semiconductor, which has potential applications in spintronics. The main quest in this area is to discover magnetic materials having transition temperatures (T c ) well above room temperature and large magnetization and spin-polarization. With this hope, transition-metals (TMs) were doped into nonmagnetic (NM) semiconductor hosts, 9,10 but later on these TM doped systems were found to have inherent issues, i.e., clustering, antisite defects.
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SnO 2 -based diluted system evoked particular attention when S. B. Ogale et al. 12 found a giant magnetic moment (GMM) in Co-doped SnO 2 . Following this discovery, TM dopedSnO 2 has been extensively studied both experimentally and theoretically. [13] [14] [15] [16] [17] [18] [19] Later on in 2008, our theoretical calculations showed that the Sn vacancies are responsible for magnetism in SnO 2 . 20 This opened a new area of magnetism, where magnetism is made possible without doping of magnetic impurities, which are confirmed experimentally. [21] [22] [23] To go beyond vacancy-induced magnetism, we also proposed possible magnetism induced by light elements, e.g., C, and Li. 24, 25 Recent theoretical calculations further show that magnetism can be induced with NM impurities. site. During the formation of surface, the atoms on the surface/sub-surface layer were fully relaxed (without U) to compensate the dangling bonds or van der Waals interactions on the surface. Since the surface slabs have two dimensional periodic boundary conditions, the atomic positions shift along the surface (xy ) plane should be small, which can be seen from our calculated results in Table I . The significant shift is along the z direction, which is assumed perpendicular to the surface plane. The surface oxygen atoms (O1, O2) relaxed in the upward direction due to surface strain induced by Li at Sn(1) site. On the other hand, the sub-surface oxygen atoms (O3, O4) relaxed inward, which is smaller than the surface O atoms. The Li atom was also relaxed in the outward direction. We must mention that such relaxation did not affect the formation energies and magnetism of Li-doped SnO 2 .
Once the optimized surface structure of SnO 2 (001) was determined, then we used LDA+U to investigate the thermodynamic stability, magnetism, and electronic structures of SnO 2 systems. The formation energies (E f ) were calculated under three conditions; the equilibrium condition, O-rich condition and Sn-rich condition, as discussed in Ref. 25 The surface defect formation energies by doping Li at the surface and sub-surface Sn sites were calculted using the following equation.
where µ Li is the chemical potential of Li calculated as total energy of bulk Li, n is the number of atoms added or removed from host material, E(Sn x Li 1−x O 2 ) is total energy of Li-doped SnO 2 system and E(SnO 2 ) is the total energy of pure SnO 2 system. Note that LDA+U always gives larger local magnetic moments. When Li is doped at subsurface Sn(2) site, the local magnetic moments at O, Li, and Sn sites are smaller as compared to the case when Li is doped at surface Sn(1) site. This behaviour is similar to C-doped SnO 2 . 24 We have shown that the surface O atoms have larger local magnetic moments than the sub-surface O atoms, and to know the atomic origin of these local moments, we calculated the atom projected density of states (PDOS). Fig. 2(a) shows the PDOS on the orbitals of the surface and sub-surface atoms when the Li atom is doped at the surface Sn(1) site.
Clearly, the Li atom induces magnetism at the (001) surface of SnO 2 . The low lying s orbitals of Li are spin-polarized and strongly hybridized with the surface sp orbitals of Sn. The electronic structures summarize that Li at either surface site induces magnetism, and the magnetism is not strongly localized around the Li atom, but de-localized over Sn and O atoms. This behavior is quite different from C-doped SnO 2 , 24 where magnetism was mainly contributed by the C atom. This different behavior of Li and C in the same host (SnO 2 ) is mainly due to the absence of p orbitals in Li atom. This absence of p orbitals also helps to promote magnetism in bulk Li-doped SnO 2 , which is again quite different from bulk C-doped SnO 2 , where C shows no magnetism in bulk SnO 2 .
The Fermi energy (E F
)
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Finally, to look for the possibility of ferromagnetism in Li-doped SnO2(001), we considered ferromagnetic (FM) and antiferromagnetic (AFM) interactions between the two surface Li atoms by considering a big supercell (2 × 1 × 3). We observed that the two Li atoms at surface Sn(1) sites couple ferromagnetically, and FM state has the lowest energy. Therefore, ferromagnetism is expected in Li-doped SnO 2 (001) or in Li-doped SnO 2 nonoparticles.
The experimental reports show that the magnetism of Li-doped SnO 2 nanoparticles is neither governed by defects nor by surface effect because the observed magnetization was not inversely proportional to the nanoparticles size 33 . We also believe that ferromagnetism in Lidoped SnO 2 (001) is not induced by surface, but by doping of Li at surface Sn site, consistent with the speculation of Srivastava et al.
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In summary, we investigated the surface magnetism and electronic structures of Li-doped SnO 2 (001). The DFT+U calculated formation energy suggested that Li can easily be doped at surface Sn site as compared with bulk and sub-surface Sn sites. The surface relaxation showed the surface oxygen atoms were relaxed in the upward direction due to surface strain induced by Li at Sn site, and the sub-surface oxygen atoms were relaxed inward. It is shown that Li also induces a large magnetic moment at the SnO 2 (001) surface. The magnetic moment, which is localized at the surface and sub-surface atoms, was mainly contributed
by O atoms at surface, sub-surface and partially by Sn and Li atoms. Electronic structure calculation showed that Li doped at surface has half metallic character. In the light of our calculations, we predicted that Li-doped SnO 2 (001) may be a good material for spin-based devices. We also speculate that Li-doped SnO 2 (001) is better than C-doped SnO 2 (001) not only due to its low formation energy and magnetism, but also due to half-metallic surface state, which was absent in the C-doped SnO 2 (001). Further experimental work is required to compare Li-doped and C-doped SnO 2 (001) systems for potential applications in the area of spintronics.
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